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ELECTROLYTE FOR METAL-OXYGEN BATTERY 
AND METHOD FOR ITS PREPARATION 



GOVERNMENT INTEREST 



[0001] The invention described herein may be manufactured, used, and licensed by or 
for the United States Government. 



[0002] This invention relates generally to electrochemical cells. More specifically, the 
invention relates to metal-oxygen batteries. Most specifically, the invention relates to 
electrolytes for metal-oxygen batteries and to methods for the optimization of such 
electrolyte compositions. 



[0003] Metal-oxygen batteries, which are also referred to as metal-air batteries, are a 
class of electrochemical cells in which oxygen, which is typically obtained from the 
ambient environment, is reduced at a catalytic cathode surface as part of the 
electrochemical cell reaction. Reduction of the oxygen forms an oxide or peroxide ion 
which reacts with a cationic metal species. Metal-oxygen batteries have been developed 
based upon Fe, Zn, Al, Mg, Ca, and Li. It is acknowledged that in the strictest sense a 
"battery" is an electrochemical device comprised of a number of separate electrochemical 
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cells interconnected to a single set of terminals to provide an output which is cumulative 
in terms of voltage and/or current of each of the individual cells. However, for purposes 
of the present disclosure, and in keeping with vernacular terminology, the term "battery" 
will be used herein to define electrochemical power generation and/or storage devices 
comprised of single cells as well as plural, interconnected cells. 
[0004] Lithium-oxygen batteries represent one type of metal-oxygen battery. In 
devices of this type, an electro-active cathode and a lithium-containing anode are 
disposed in an electrolyte which provides for ionic communication therebetween. During 
the discharge of the cell, oxygen is reduced at the electro-active cathode to produce O'^ 
and/or ions which react with the lithium to produce Li202 and/or lAzO which 
deposits on the cathode. Such cells provide an operating voltage in the typical range of 
2.0-2.8 V, and an open circuit voltage of 2.85 V, and they have a good charge storage 
capacity. 

[0005] The electrolyte is an important component of any battery, since it functions to 
solvate, and provide transport for, the electro-active components of the battery system. 
Typical electrolytes comprise a solvent having one or more electrolyte salts dissolved 
therein. Heretofore, conventional wisdom with regard to metal-oxygen batteries has held 
that solvents for the electrolytes of such batteries should have a very high dielectric 
constant so that they can effectively solvate electrolyte salts so as to provide for high 
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ionic conductivity, and that they have high boiling points. U.S. Patent 5,510,209 
discloses a lithium-oxygen battery, and specifically teaches that the electrolyte 
component of this battery includes solvents which meet the foregoing criteria. 
[0006] In accord with the present invention, it has been found that the solubility of 
oxygen in a solvent is the primary factor which must be considered when formulating 
electrolytes for metal-oxygen batteries. As will be explained hereinbelow, solvent 
systems, prepared in accord with the present invention provide metal-oxygen batteries 
which manifest performance characteristics such as discharge capacity and rate capability 
which exceed those achieved through the use of solvent mixtures of the prior art. 

BRIEF DESCRIPTION OF THE INVENTION 
[0007] Disclosed herein is an electrolyte for a metal-oxygen battery. The electrolyte 
comprises a non-aqueous solvent which is characterized in that the solubility of oxygen 
in that solvent is at least 0.1 150 cc O2 per cc of solvent at STP (one atmosphere of 
pressure at 0*C). The electrolyte further includes a metal electrolyte salt which is 
dissolved in the solvent. In particular embodiments of the invention, the solvent is 
comprised of a plurality of components, and at least 50%, on a weight basis, of the 
solvent is comprised of components in which the solubility of oxygen is at least 0.1760 cc 
O2 per cc of the component. 
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[0(H)8] In particular embodiments of the present invention, the electrolyte is employed 
in a lithium-oxygen battery, and the metal electrolyte salt is a lithium salt. Some specific 
solvents of the present invention are comprised of one or more of: diethyl carbonate, 
ethyl methyl carbonate, tetrahydrofuran, 1,2-dimethoxyethane, diethyl ether, tetrahydro- 
2H-pyran, methyl acetate, n-CgHig, n-C9H2o, n-CvHie, n-CyFie, as well as other 
fluorinated organic solvents. 

[0009] Also disclosed herein is a method for optimizing the composition of an 
electrolyte for a metal-oxygen battery. The method includes the step of selecting the 
solvent for the electrolyte from those materials which will dissolve an electrolyte salt, and 
in which the solubility of oxygen is at least 0.1 150 cc O2/CC at STP. Specifically 
disclosed are lithium-oxygen batteries which include the solvent of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] Figure 1 is a graph depicting the discharge capacity in terms of milliamp hours 
per gram of cathode material, as a function of cell voltage for a series of cells including 
electrolytes of the prior art and electrolytes of the present invention; 
[0011] Figure 2 is a graph depicting the maximum charge capacity of the group of 
cells of Figure 1, in terms of milliamp hours per gram of cathode materials, when the 
cells are operated under various constant current conditions; and 
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[0012] Figure 3 is a graph showing the specific capacity of a carbon cathode as a 
function of dissolved oxygen in a battery electrolyte, at different discharge currents. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0013] The present invention departs from what was heretofore conventional wisdom 
regarding electrolytes for metal-oxygen batteries, and provides electrolytes which 
significantly enhance the operational parameters of such batteries. As discussed above, 
the prior art generally selected solvent component of battery electrolytes on the basis of 
dielectric constant and boiling point. In contrast, the present invention recognizes that 
battery performance correlates directly with the abihty of the electrolyte to solvate 
oxygen. Therefore, in accord with the principles of the present invention, electrolytes for 
metal-oxygen batteries are comprised of a solvent component in which oxygen is 
relatively soluble. The electrolyte also includes a salt of one of the metals comprising the 
battery system, and in this regard, the solvent should also be capable of dissolving fliis 
salt. However, solubiUty of the salt is in the nature of a threshold issue insofar as 
solvents which do not solvate the salt are not suitable for electrolytes, but it has been 
found that of the solvents which can sufficiently solvate electrolyte salts, those in which 
oxygen is the most soluble provide superior battery performance. 
[0014] In general, it has been found that solvent mixtures in which the solubility of 
oxygen, measured in terms of ccs of oxygen per cc of solvent at standard temperature and 
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pressure, is at least 0.1 150 provide significantly improved battery performance as 
compared to prior art solvents of the type disclosed in U.S. Patent 5,510,209 discussed 
above. Some solvents having very good oxygen solvation characteristics comprise 
diethyl carbonate, ethyl methyl carbonate, tetrahydrofuran, 1,2-dimethoxyethane and 
tetrahydro-2H-pyran. Diethyl ether and methyl acetate have good oxygen solubihties, 
and are also very good solvents for the practice of the present invention. These materials 
are relatively low in boiling point; however, they have significant utility in either blended 
solvent systems or solvent systems for batteries which are operating under pressurized 
conditions. Hydrocarbons including n-CgHig, n-C9H2o, n-CyHie also have utility as 
solvents for battery electi-olytes of the present invention. Fluorinated organic solvents 
such as n-CyFie, as well as other such materials including siloxy compounds, have very 
good solubilities for oxygen and may also be used in tiie present invention. Yet otiier 
materials will be apparent to those of skill in the art. 

[0015] The solvent portion of the electrolyte of the present invention may be 
comprised of a single component, or it may be comprised of a plurality of components. 
In some instances, the solvent may be blended from a mixture of materials wherein one 
of the materials may have a relatively low solubility for oxygen and another a relatively 
high solubility for oxygen. For example, materials such as propylene carbonate, 
y-butyrolactone and ethylene carbonate are typical of solvents heretofore employed in the 
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preparation of metal-oxygen battery electrolytes. These materials have relatively low 
oxygen solubilities as compared to some of the preferred materials of tiie present 
invention; however, in some instances, these materials may be employed in combination 
with materials having high oxygen solubilities to produce high performance electrolytes. 
In general, it is desirable that the oxygen solubility of the solvent component, either as a 
single material or as a blend be at least 0. 1 150 cc Oa/cc. In some specifically preferred 
compositions, as will be described hereinbelow, higher solubilities are achieved. In the 
case of solvents comprised of a blend of materials, in some preferred embodiments, the 
mixture will be such that at least 50%, on a weight basis, of the solvent is comprised of 
one or more materials having an oxygen solubility of at least 0.1760 cc O2/CC. 
[0016] In addition to the solvent, electi-olytes for metal-oxygen batteries will include 
one or more electrolyte salts. This component provides for ionic conductivity between 
tiie electrodes of the battery, and is typically a salt of the metal which forms the battery 
system. The present invention will be described herein with reference to lithium-oxygen 
batteries; however, it is to be understood that the principles of the present invention are 
applicable to all metal-oxygen battery systems. One electirolyte salt having utility in 
lithium batteries is LiPFe. Some other salts which are often employed in lithium batteries 
include: LiBF4, LiC104, LiC(S02CF3)3, LiN(S02CF3)2, LiOaSCFzCFa, LiOsSCeFs, 
LiOaCCFa, LiP(C6H5)4, LiCFsSOs and the like taken either singly or in combination. 
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Other electrolyte salts will be readily apparent to those of skill in the art. Typically, the 
electrolyte salt is present in a concentration of approximately 0.5-1.0 M. 
[0017] Table 1 hereinbelow lists the oxygen solubilities of a number of solvent 
materials. Table 2 lists the oxygen solubility of mixtures of solvent materials. Table 2 
includes solvent mixtures having relatively low oxygen solubiUty such as the 1:1 
propylene carbonate (PC):ethylene carbonate (EC) mixture of the prior art which has an 
oxygen solubility of 0.0584 cc O2/CC. The favored solvent mixtures of the present 
invention have an oxygen solubility of at least 0.1 150 cc O2/CC, and include the last five 
entries on Table 2. Table 3 shows the oxygen solubilities solvents of Table 2 blended 
with different amounts of the electrolyte salt LiPFe. 

Table 1 



Oxygen Solubility (Single Solvents) 



Solvent 


cc O2 per 
cc Solvent 


tetramethylene sulfone (TMSO) 


0.0357 


ethylene carbonate (EC) 


0.0382 


dimethyl sulfoxide (DMSO) 


0.0416 


Y-butyrolactone (y-BL) 


0.0550 


propylene carbonate (PC) 


0.0718 


N-methyl pyrolidinone (NMP) 


0.0721 


tetraethylene glycol dimethyl ether 


0.0993 


triethylene glycol dimethyl ether 


0.1054 


dimethyl carbonate (DMC) 


0.1632 


dipropyl carbonate (DPC) 


0.1754 


diethyl carbonate (DEC) 


0.1773 


ethyl methyl carbonate (EMC) 


0.1780 


tetrahydrofuran (THF) 


0.1978 


1,2-dimethoxyethane (DME) 


0.2143 
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Table 2 



Oxygen Solubility (Mixed Solvents) 





Solvent Mix 


cc O2 per 
cc Solvent 




PC:EC(1:1 w/w) 


0.0584 




PC:DME(3:1 w/w) 


0.0862 




PC:DMC(1:1 w/w) 


0.9999 




PC:DEC(1:1 w/w) 


0.1168 




PCrDME (1:1 w/w) 


0.1185 




Y-BL:DME(l:2w/w) 


0.1253 




PC:DME(l:2w/w) 


0.1335 




PC:DME(l:4w/w) 


0.1532 




Table 3 






Oxygen Solubility (Electrolytes) 


Electrolyte 


cc O2 per 
cc Solvent 


lMLiPF6PC:EC(l:l) 


0.0482 


lMLiPF6PC:DME(l:l) 


0.0722 


lMLiPF6PC:DMC(l:l) 


0.0729 


lMLiPF6PC:DEC(l:l) 


0.0787 


lMLiPF6PC:DME(l:2) 


0.0998 


0.5MLiPF6PC:DME(l:2) 


0.1218 


0.5M LiPFfi PCrDME (1:13) 


0.1248 



[0018] In a first experimental series, electrolytes of the present invention, and those of 
the prior art, were incorporated into lithium-oxygen cells, and the performance 
characteristics thereof were compared. In each of the cells, the cathode was comprised of 
a body of 90% high surface area carbon black (Super P), and 10% of a PTFE binder 
supported on an aluminum mesh. In each cell, the anode was comprised of a lithium foil 



9 



ARL 01-37 

supported on a nickel grid. The anode and cathode were separated by a non- woven 
polypropylene membrane manufactured by a melt-blown process. Figure 1 depicts a 
series of electrolytes. Each included a IM concentration of LiPFg. The solvents for the 
electrolytes comprised: PC; y-BL, 1:1 EC:DMC; 1:1 PC:THP; 1:1 PC:DME; and 1:1 
PC:THF. Each of the six cells in the series was operated at a constant current of 0.2 
mA/cm , and the specific capacity in terms of milliamp hours per gram of the carbon 
cathode was measured as a function of cell voltage. It will be seen from Figure 1 that the 
PC:THP; PC:DME and PC:THF mixtures of the present invention provide significantly 
greater capacity than do the prior art compositions. In Figure 2, this same series of cells 
were operated under constant current conditions of 0.05 mA/cm^, 0.2 mA/cm^ and 1.0 
mA/cm , and the specific capacity of the carbon cathode in terms of mAh/g was 
measured. Again, it will be seen that the materials of the present invention provided 
significantly better performance at all current levels than did cells using prior art 
electrolytes. 

[0019] Figure 3 is a graph showing the specific capacity of the carbon electrode of the 
previous experiments as a function of the amount of dissolved oxygen in the solvent for a 
range of discharge rates. In accord with the present invention, an increase in the amount 
of dissolved oxygen increases the specific capacity of the carbon cathode. 
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[0020] In accord with the general principle of the present invention, electrolytes 
providing significantly improved metal-oxygen battery performance can be selected by 
evaluating the oxygen solubility of the solvent components of the electrolyte. Some 
specifically preferred solvent mixtures comprise a 1:1 mixture of PC:THP, PCrDME and 
PC:THF. Yet other solvent mixtures of the present invention include a 1:1 mixture of 
PC:DEC, a 1:2 mixture of y-BL:DME, a 1:2 mixture of PC:DME and a 1:4 mixture of 
PC:DME. Within the specific guidelines provided hereinabove, yet other solvent 
mixtures may be prepared in accord with the principles of the present invention. 
[0021] The principles of the present invention have been described primarily with 
reference to a Uthium-oxygen battery. It is to be understood that these principles may be 
applied, with equal advantage, to other metal-oxygen batteries. Also, while some specific 
materials for the practice of the present invention have been described, yet other materials 
will be readily apparent to one of skill in the art in view of the teaching presented herein. 
Therefore, it is to be understood that the foregoing drawings, discussion and description 
are illustrative of particular embodiments of the present invention, and are not meant to 
be a Umitation upon the practice thereof. 
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